While the exact mechanisms that initiate atherosclerotic lesions are unknown, considerable evidence supports a role for low density lipoprotein (LDL). We investigated whether in the normal rabbit, LDL metabolism in areas of aorta that are destined to become lesioned during cholesterol feeding differed from the metabolism in adjacent lesion-resistant aorta. These studies took advantage of the predictable pattern of early atherosclerotic lesions in the cholesterol-fed rabbit. Early lesions occur diffusely in the aortic arch and ascending aorta and distal to branch orifices in the abdominal aorta and the descending thoracic aorta. Arterial rates of irreversible degradation of LDL and concentrations of intact LDL were measured in susceptible and resistant sites with homologous doubly labeled LDL. LDL was labeled directly with UI I and with '"I-tyramine cellobiose. The latter label provides a highly sensitive means to determine the sites and rates of lipoprotein degradation in vivo.The arterial concentration of intact LDL in the lesion-prone aortic arch was 3.12 ±0.45 u.g LDL cholesterol/g (o = 14), 3.6±0.69 times that in the relatively lesion-resistant descending thoracic aorta (p<0.001). The rate of LDL degradation in the aortic arch was 3.14 ± 0.41 p.g LDL cholesterol/g/day, 2.14 ± 0.24 times that in the descending thoracic aorta (p<0.001). In the abdominal aorta, the LDL (per gram wet weight) concentration and degradation rate (per square centimeter surface area) at branch sites exceeded that at nonbranch sites by 88±11% (p<0.001) and by 61±8% (p<0.001), respectively. These data provide evidence that in the normal rabbit, which does not develop atherosclerotic lesions, focal elevations of arterial LDL degradation rate and concentrations of intact LDL occur at sites that first develop atherosclerotic lesions in the hypercholesterolemic animal. These differences in LDL metabolism may be linked causally to the propensity to develop atherosclerotic lesions at these sites.
A significant body of work suggests that most of the cholesteryl esters accumulating in athero-. sclerotic lesions are derived from plasma. 1 " 5 Low density lipoproteins (LDL) have been shown to enter the atherosclerotic artery at increased rates, 6 -7 and intact LDL has been identified in the atherosclerotic lesions of several species, including humans. 8 " 11 However, the precise mechanisms responsible for initiating the development of the atherosclerotic lesion are not known. The entry of LDL into arteries and the presence of intact LDL in atherosclerotic lesions might suggest a causal or exacerbating role for increased arterial LDL uptake and/or degradation in the early stages of the atherosclerotic process but by no means proves it. For example, the initiating step may involve the penetration of monocytes into the wall. The transformation of the monocytes/macrophages into lipid-loaded foam cells may, in turn, be a consequence of monocyte-or macrophage-dependent alterations in endothelial permeability and of subsequent increase in arterial uptake of lipoproteins. Such monocyte-dependent changes in endothelial permeability have been observed in vitro. 12 Alternatively, initial accumulations of cholesterol in arterial cells may occur from uptake of platelet membrane cholesterol, 13 * 14 and this may trigger subsequent changes in arterial uptake of lipoproteins. No mechanism has been definitively established.
In ongoing studies in our laboratory, we are exploring the hypothesis that in cholesterol-fed animals the initiating step in atherogenesis involves some key alteration of arterial lipoprotein transport or metabolism. For such alterations to be considered causal, it is necessary, although clearly not sufficient, to demonstrate that these changes in arterial lipoprotein metabolism precede any significant cellular penetration of the intima and that these changes occur selectively at arterial sites that later become lesions. In the rabbit, early atherosclerotic lesions in the aorta occur in a very characteristic pattern. The lesions occur focalry, distal to orifices of branch arteries of the descending thoracic and abdominal aorta, and diffusely in the ascending aorta and aortic arch 15 (Figure 1 ). In our studies, this well-known distribution of early lesions is used as a tool to examine mechanisms of atherogenesis. Here, we asked whether arterial LDL content and/or degradation \ i FIGURE 1. Sudan stained aorta of a rabbit fed a 2% cholesterol diet for 10 weeks. This figure illustrates the characteristic development of early fatty streaks in the ascending aorta, aortic arch, and aorta distal to branch orifices. The distribution of lesions in the thoracic aorta (left) and abdominal aorta (right) is representative of those in a larger set of rabbits fed cholesterol for similar times. rate increased in sites prone to early atherosclerotic lesions even in normal animals.
In an earlier study Carew et al 16 applied a sensitive "trapped ligand" method 17 for determining the sites and rates of degradat ion of plasma proteins to measure LDL degradation rates in the thoracic aorta of the normal rabbit in vivo. This method involves use of LDL covalently coupled to 12S I-tyramine cellobiose ( 125 I-TC). On uptake and degradation of labeled LDL in cells, the I25 I-TC degradation products remain trapped intracellularry and cumulatively measure LDL degradation. In this study, the same method was applied to measure LDL degradation rates in lesion-prone areas and adjacent lesion-resistant areas of normal rabbit aorta.
Materials and Methods

Lipoprotein Preparation
Plasma was obtained from fresh rabbit blood collected in disodium EDTA (4 mM), with or without sodium azide (0.04%). LDL (density =1.020-1.055 g/ml) was prepared by differential centrifugation 18 with minor modifications as previously described. 16 The final LDL preparation was diaryzed exhaustively against a buffer containing 0.15 M NaCl, 1 mM EDTA, and 20 mM phosphate, pH 7.4 (Buffer A). LDL protein was measured with the Folin phenol reagent" with bovine serum albumin (BSA) as a standard.
Lipoprotein Labeling
LDL preparations were first directly iodinated with 131 I and then coupled to I25 I-TC as described previously. 17 For one experiment, LDL was labeled with 125 I-TC only. Briefly, the TC ligand was iodinated with carrier-free [ l25 I]Na and l,3,4,6-tetrachloro-3a,6a-diphenyl grycoluril (Iodo-Gen; Pierce Chemical, Westchester, Pennsylvania). 20 The radioiodinated TC ligand was transferred to an Iodo-Gen-free container, and the reaction was quenched by adding 1 ^mol NaHSO 3 and 0.5 jxmol Nal. The labeled TC ligand (10 nmol TC/mg LDL protein to be labeled) was activated by adding 1 moleq of the cross-linking agent, cyanuric chloride, and used immediately. LDL solutions (3-24 mg protein) were adjusted to pH 9.5 with 0.25 M borate buffer, pH 10.5, before binding the activated TC ligand. After a binding period of about 3 hours, the preparations were exhaustively diaryzed against Buffer A or Buffer A supplemented with 0.01% sodium azide, 30 mM mannitol, and an additional 1 mM EDTA. The latter two additions to the dialysis buffer were included to limit radioh/tic and oxidative damage to the LDL. No effect of these additions was discernible either in terms of protein staining patterns on sodium dodecyl sulfate (SDS) potyacrylamide gel electrophoresis or on the in vivo metabol ism of LDL prepared in this way. About one TC residue was bound to each 200,000 daltons of LDL apoprotein. Specific activities of 13I I and 125 I-TC ranged from 70 to 925 (mean 289) and from 200 to 1,900 (mean 741) cpm/ng protein, respectively. The eight LDL preparations were injected into recipient rabbits 1-4 days after labeling (mean 1.9 days) and 5-12 days (mean 7 days) after initial isolation.
All preparations were analyzed by SDS polyacrylamide gel electrophoresis with either a 4% poryacrylamide gel or a 4-22% gradient gel. Less than 5% of both the 13I I and the 125 I-TC labels were associated with low molecular-weight apoproteins. The distributions of the 13I I and I25 I-TC labels on the gels were not affected by exchanging the radioiodinated LDL against a 20-fold excess of high density lipoprotein at 4° C for 24 hours and reisolating at density =1.054 g/ml. Agarose gel electrophoresis was performed on five preparations. More than 95% of both the 13I I and 125 I-TC labels was associated with a single beta migrating peak. Trichloroacetic acid-soluble 13I I and 125 I in the LDL preparations were 2.0 ± 0 . 5 % (mean±SEM, n = 7) and 3.5 ± 0.9% (n = 8), respectively. About 3% of the 13I I and about 5% of the 125 I could be extracted into 2:1 chloroform/methanol (vol/vol)-21
Animal Studies
Eighteen female New Zealand White rabbits weighing 2.44 ± 0.05 kg were used in these studies. Labeled LDL, sterilized by filtration (0.45 jim filter; Millipore, Bedford, Massachusetts), was injected through the marginal ear vein, and serial blood samples were collected from the contralateral ear. Fourteen rabbits received doubly labeled LDL; 1.6 ±0.1 x 10" cpm 125 I and 5.9 ± 0.8 x 10 8 cpm m I. Four other rabbits received LDL labeled only with 1 2 5 I-TC, 1.72 ± 0.08 x 10" cpm. Uptake of radioiod ide into the thyroid was inhibited by injecting3 mg Nal at the same time as the labeled LDL. One day after injection, each rabbit was given 1,000 IU heparin and deeply anesthetized with an intravenous dose (60 mg/kg) of sodium pentobarbital. The systemic circulation was perfused with 2 1 Buffer A through a large bore cannula introduced into the apex of the left ventricle while collecting the effluent from the severed right atrium and right ventricle. A perfusion pressure of 80 mm Hg was maintained by a large elevated reservoir. The aorta from the aortic valve to the terminal bifurcation was removed and freed of loose adventitial tissue.
The thoracic and abdominal aortas were divided about 3 mm above the celiac orifice and were weighed. The vessels were opened longitudinally, pinned flat on rubber sheets, and fixed in half-strength Karnovsky's solution for 24 hours. After fixation, the aortic arch was separated from the descending aorta 1-2 mm below the ductus scar. In some cases, we also further subdivided both the descending thoracic and abdominal aortas into three parts of approximately equal length. As shown in Figure 2 , triangular biopsies of branch and nonbranch sites were obtained from each aortic segment with either a triangular punch, 4 mm on a side, or by freehand with a pointed scalpel blade. Branch sites sampled included those in the aortic arch, the intercostals in the descending thoracic aorta, and the orifices of the celiac, superior mesenteric, and left and right renal arteries in the abdominal aorta.
All fixed arterial samples were weighed and photographed. The fresh weight of each arterial specimen was calculated by multiplying the fixed weight of a given specimen by the measured fresh wet weight-tofixed wet weight ratio of the whole segment of aorta from which the sample was obtained. The surface area of each arterial specimen was determined by computerassisted planimetry of projections of the photographic images magnified from 2.7 to 12 times actual size.
Radioassay
The tissue and plasma 125 I and I31 I content were measured in a well-type gamma scintillation counter equipped with a 3-inch crystal (Compu Gamma, LKB, Stockholm, Sweden). All activities were corrected for overlap of the energy spectra of the two isotopes, for background radioactivity, and for isotopic decay. The counting error of plasma samples was less than 1%. Tissue samples were counted for up to 30-60 minutes, which yielded counting errors typically less than 1% for 5 I and 2% for 1 31I and maximal counting errors less than 1.5% for m \ and 8% for 131 I.
Autoradiography
A macroscopic autoradiogram of the fixed opened aortas of four rabbits was obtained with rad iographic sheet film. In this study, the rabbits were injected with LDL singly labeled with 1 2 5 I-TC 1 day before death. After fixation, these aortas were rinsed in Buffer A, sutured to acetate film, and encased in a thin plastic bag (21 (xm or 0.8 mil). Standards containing known levels of l 2 5 I-labeled BSA and spanning the expected range of arterial 125 I radioactivity were fixed to the outside of the plastic bag. Radiographicfilm(X-OMAT AR, Kodak, Rochester, New York) was sandwiched between the plastic encased aortas and an intensifying screen (Cronex Detail DD, Du Pont, Wilmington, Delaware). After exposure for 107 hours at 4° C, the film was developed with Kodak GBX developer and fixer. The standards were made by mixing 125 I-labeled BSA with 0.7% agarose in barbital buffer at 70° C and pouring the mixture onto mylar film. Standard 1-cm squares were cut from the dried gel.
Selected portions of the aortas of these animals were also processed for light microscopic autoradiography. The samples were embedded in methacrylate (JB4; Porysciences, Warrington, Pennsylvania), sectioned at 4 p,m, and dipped in Kodak NTB2 emulsion diluted 1:1 with water. The sections were exposed for 1-8 weeks at 4° C in sealed boxes containing desiccant before developing with Dektol (Kodak). The sections were then stained with methylene blue.
Analysis of Whole Body LDL Catabolism
Whole body catabolism of LDL was quantified by calculating the fractional catabolic rate (FCR) of LDL from the plasma decay of protein bound radioactivity as described previously. 22 We calculated the total quantity of labeled LDL that has been irreversibly degraded up to the time of death, a quantity necessary to estimate rates of LDL metabolism by individual tissues, from a simple two-compartment kinetic model of LDL metabolism. 16 The formula is:
where b, and b 2 are the smaller and larger of the two exponential rate constants calculated from the plasma decay curve, and T is the time of death. The predictions of this formula have been shown to be in good agreement with experimentally determined values of total accumulated LDL degradation products in normal rabbits.
In some LDL preparations used in the present studies, the plasma decay of the 131 I label was somewhat faster than that of the 125 I-TC label (see "Results"). This difference could potentially cause the arterial content of protein-bound 131 I to underestimate the arterial content of 12i I on intact LDL. We think that the difference in the behavior of the two labels had relatively little effect on our results for the following reasons: 1) The maximal divergence of the two labels, which occurred at death, represented only 3.4 ± 1.5% of the initial dose. 2) At death, most of the arterial I23 I label was present in degradation products so that a small underestimate in the arterial content of intact 12S I-TC-labeled LDL would have an even smaller effect on the calculated rate of LDL degradation (see section below). 3) The calculated arterial LDL degradation rates were not elevated in those cases where the plasma curves of the two labels diverged the most, implying that the divergence of the two plasma curves was not associated with the presence of damaged lipoprotein that was taken up preferentially by the artery. 4) The arterial degradation rate of LDL determined for descending thoracic aorta in the present study was nearly the same as that obtained in an earlier study 16 in which no significant divergence of the two plasma decay curves was detectable. Even if the divergence of the plasma decay curves of the two labels has a small effect on the absolute calculated rates of LDL degradation, the divergence is very unlikely to affect comparisons of different areas within the same animal.
Determination of Arterial LDL Degradation Rates
The amount of arterial I25 I-TC present in degradation products was calculated by subtracting an independent estimate of the m I-TC present on intact LDL from the total arterial 125 I radioactivity. In our previous study, 16 we determined the arterial content of intact labeled LDL from the arterial content of trichloroacetic acidprecipitable 131 I. In the present study, intact labeled LDL (protein bound 131 I) was determined as the arterial content of m I after fixation in modified Karnovsky's fixative. It has been previously shown, and confirmed here, that fixation of the freshly isolated arterial samples in a modified Karnovsky's fixative results in retention in tissue of the protein-bound 131 I and nearly all (> 90%) of the arterial 125 I-TC content including that associated with intact LDL and the TC-labeled degradation products. 16 The fraction of the plasma LDL pool irreversibly degraded per unit time per unit weight of artery ( F C R ) was computed as:
TC-labeled degradation products in artery (cpm/g) total degradation products in whole body (cpm) where TC-labeled degradation products in artery = total I25 I-TC in artery-[/ ratio of 123 I-TC to I3I I \ [lin intact LDL in plasma/ i X (protein-bound I31 I in artery)]
The calculation of FCR,^,,. ^^ and total degradation products in whole body are described above. The theoretical basis for these calculations has been described elsewhere. 16 ' 23 The accuracy of the calculation is based, in part, on the assumption that the ratio of accumulated degradation products in a given tissue to the total degradation products in the whole body is at, or near, its asymptotic (long time) value. This assumption is satisfied after 24 hours in normal pigs, 23 in which animal LDL degradation is at a slower rate than in normal rabbits. As a further check on the adequacy of the selected time of killing, 24 hours, we used the observed plasma decay curves and arterial radioactivities to fit a simple model from which we could predict the asymptotic ratio of degradation products accumulated in the artery to that in the whole body. The model included one compartment, representing arterial intact LDL, receiving input from the (known) plasma I25 I-TC-labeled LDL and giving rise to arterial degradation products of LDL assumed to be in a second compartment. After fitting such a model, we calculated the infinite time distribution of degradation products of LDL between the artery and the rest of the body. These calculations indicated that the observed ratio of arterial to whole body TC degradation products at 24 hours differed by only about 7% from its predicted infinite time value. The data were not corrected for this small deviation.
The absolute amount of LDL degraded in arteries per unit time was obtained by multiplying the fractional rate of LDL degradation ( F C R^ by the plasma LDL pool size. We estimated the pool size by multiplying the plasma LDL cholesterol concentration determined in normal rabbits, 18.2 mg LDL cholesterol/dl, 24 -23 by the average plasma volume determined from isotope dilution in the present studies, 37.9 ml/kg body wt. We chose to use an LDL cholesterol concentration rather than an LDL protein concentration from the literature because we thought it more reliable.
Tissue Concentration of Intact LDL
If the artery is an open system, that is, if all LDL particles entering the artery are eventually removed by either returning to plasma or undergoing irreversible degradation, then the concentration of labeled intact LDL in the artery relative to that in plasma is related to the ratio of the mass of unlabeled LDL in the artery to that in plasma. Evidence that the rabbit aorta behaves in this way has been presented by Ghosh et al 26 and Bratzler et al.^They showed that after a bolus injection of 125 I-labeled LDL into plasma, aortic 125 I-labeled LDL activity reached a peak between 4 and 8 hours later and then declined slowly.
We estimated the steady-state concentration of intact LDL in the artery (LDL content) as a percentage of that in plasma by calculating the ratio: arterial content of intact LDL = X 100
where C,-* and Q,* are the concentrations of labeled intact LDL in arterial tissue (cpm/g) and plasma (cpm/ml) at the time of death. We calculated the arterial LDL content in absolute terms by multiplying the ratio of Cr*/Cp* by an estimate of the plasma LDL cholesterol concentration of normal rabbits, 18.2 mg/dl, as described above.
Comparisons of Lesion-Susceptible Sites With Lesion-Resistant Sites
Arterial LDL degradation rates and concentrations of intact LDL in lesion-susceptible sites were compared with those in lesion-resistant sites. Specifically, the lesion-susceptible aortic arch region was compared with the relatively lesion-resistant descending thoracic and abdominal aortas. Lesion-susceptible branch areas of the descending thoracic and abdominal aortas were compared with the adjacent uniform portions of the same aortic segment.
Statistical Analysis
All results are expressed as mean±SEM. We assessed differences between the aortic arch, descending thoracic aorta, and abdominal aorta of the same animals by analysis of variance (ANOVA) with a repeated measures design. 2 * Logarithms of the data were used when the standard deviations were proportional to the means. 29 These analyses were performed with program 2V of the BMDP statistical package (BMDP Statistical Software, Los Angeles, California). Differences between the regions near branch orifices and the adjacent uniform artery were evaluated by paired / tests.
Results
Plasma Decay Kinetics
The plasma decay of LDL labeled with either 125 I-TC alone or both 131 I and 125 I-TC was determined for 24 hours after injection at which time the rabbits were killed. The FCR of LDL, calculated from the 125 I-TC label, was 0.068 ±0.003 hour 1 (mean±SEM) in the 18 rabbits studied, which is consistent with values in normal rabbits reported previously. IW0 As described in "Materials and Methods," we observed a slightly faster plasma decay of l31 I-labeled LDL than of 125 I-TClabeled LDL in several preparations (calculated FCR, 0.078 ±0.004 hour" 1 for l31 I-labeled LDL). However, for the reasons discussed there, we do not believe that this had any significant effect on the calculation of arterial degradation rates or, more particularly, on the comparison of LDL metabol ism among various arterial sites within the same animal.
At death at 24 hours postinjection, we calculated that 61 ± 2 % of the injected dose of labeled LDL had been irreversibly degraded in the whole body. In aortic tissue, the proportion of 12i I-TC label present in the form of degradation products ranged from about 60% in branch regions of the abdominal aorta to about 73% in the thoracic aorta and uniform areas of the abdominal aorta.
Autoradiographic Identification of Areas of High Arterial Radioactivity
Macroscopic autoradiography was performed on opened, fixed aortas of four normal rabbits that were injected with LDL singly labeled with I25 I-TC 24 hours before death (Figure 3 ). The aortic arch region consistently exhibited a high level of radioactivity; frequently, this autoradiographic density was most prominent in the ascending aorta along the greater curvature of that vessel. The distal edges of the major branch orifices in the abdominal aorta also exhibited relatively high autoradiographic density. The interpretation of the macroscopic autoradiograms is potentially complicated by the fact that the autoradiographic density at a given location is proportional to the total arterial radioactivity, that is, the sum of the activity in intact labeled LDL and labeled degradation products of LDL. Parallel studies with doubly labeled LDL allowed us to assess the contribution of intact labeled LDL to the total arterial radioactivity. Usually, this contribution was a small but not insignificant fraction of total activity, typical ry about 30%. However, the resul ts of the studies with doubly labeled LDL, discussed below, suggested that a straightforward interpretation of the autoradiogram was most likely the correct one because all areas with relatively high rates of LDL degradation also had higher contents of intact LDL and vice versa. In other words, the autoradiogram in Figure 3 identifies the areas of aorta that had higher LDL degradation rates and higher contents of intact LDL. It is worth noting that no area other than the aortic arch and the distal edges of abdominal aortic branch sites had consistently high autoradiographic density.
Regional Differences in Aortic LDL Degradation Rate and LDL Content
Arterial LDL degradation rates and contents of intact LDL in aortic arch, descending thoracic aorta, and abdominal aorta were determined in studies using doubly labeled LDL in 14 normal rabbits ( Table 1) . The values shown in Table 1 are for each of the three aortic segments, including branch and nonbranch areas within each segment. LDL degradation rate in the aortic arch was 1.85 ± 0.27 x 10" 4 of the plasma LDL pool/g wet wt/day, about twice the rates in the descending thoracic and abdominal aortas, which were 0.97 ± 0.20 xlO" 4 and 0.86 ± 0.20 x 10" 4 of the plasma LDL pool/g wet wt/day, respectively. An analysis of variance indicated that the degradation rate in the arch was very significantly different from that in the other two sites. When the statistical analysis was limited to a comparison of LDL degradation rate per gram wet weight in the lesion-susceptible aortic arch with the degradation rate in the most proximate lesion-resistant area, the descending thoracic aorta, the difference remained highly significant (p<0.001, paired / test).
Elevations in LDL degradation rate in the aortic arch relative to the descending thoracic and abdominal aortic segments were also found when degradation rates were expressed per unit (cm 2 ) aortic surface area. Expressed in this way, LDL degradation rate in the descending thoracic aorta, 0.30 ± 0.06 x 10" 5 of the plasma pool/cm 2 /day, was slightly higher than in the abdominal aorta, 0.24 ± 0.04 x 10" 5 of the plasma pool/cm 2 /day (/?<0.02, paired t test).
The content of intact LDL in the aortic arch was 1.71 ±0.25% of the plasma LDL concentration, nearly four times the value for the descending thoracic (0.44 ±0.04%) and abdominal aorta (0.43 ±0.05%). Thus, the relatively high LDL degradation rate in the arch is concordant with the high LDL content of that segment.
To further investigate the possibility that LDL content and degradation rate might decrease progressively along the length of the aorta, we subdivided the descending thoracic and abdominal aortic segments into three pieces of approximately equal lengths in six of the 14 animals studied (Figure 4 ). LDL content and degradation rate in the upper one third of the descending thoracic aorta were somewhat higher than those in the lower two thirds of the descending thoracic aorta but still considerably lower than in the aortic arch. The slightly higher values of LDL content and degradation rate in the upper one third of the descending thoracic aorta might simply reflect the inclusion of a small transition zone that is functionally and metabolicalry similar to the arch. This possibility is supported by the rather uniform LDL metabolism in the remainder of the descending thoracic and abdominal aortas.
Comparison of Absolute Rates of LDL Degradation With LDL Content in the Aorta
The net rate of delivery of LDL cholesterol into arterial cells can be calculated as the product of the fraction of the plasma LDL pool degraded in these cells (i.e., FCR,^) and the total mass of plasma LDL cholesterol. Such absolute rates of LDL degradation and aortic LDL content are given in Table 1 for the three segments of aorta. In each segment, the absolute dairy rate of LDL degradation per gram tissue wet weight was greater than or equal to the total mass of arterial LDL. For example, in the abdominal aorta, the total arterial LDL content was 0.79 ±0.09 |xg LDL cholesterol/g wet wt, and the absolute degradation rate was 1.45 ±0.30 (ig LDL cholesterol/g wet wt/day. These values are approximately equivalent to 1.07 ±0.12 ^.g LDL apoprotein/g wet wt and 1.97 ±0.41 ^g LDL apoprotein/g wet wt/day, respectively, assuming an apoprotein/cholesterol ratio in normal rabbit LDL of 1.36, which is an average value derived from the LDL composition data reported by Havel et al 24 and Stalenhoef et al. 25 These data indicate that in the normal rabbit aorta the residence time of the average LDL particle within the arterial wall is relatively short. The cells in the abdominal aorta, for example, degraded an entire intra-arterial pool of intact LDL in about 13 hours (intra-arterial LDL content -r-arterial LDL degradation rate). The residence time of the average LDL particle entering the artery would be expected to be considerably less because irreversible degradation of the particle is not the only loss pathway; intact particles may also return to plasma. In fact, we have previously shown that in the uniform descending thoracic aorta of the normal rabbit 70% of LDL entering the arterial wal 1 leaves without undergoing degradation. 16 If a similar percentage applies to the abdominal aorta, the average residence time of an LDL particle within that arterial segment would be approximately 4 hours when one takes into account both loss pathways.
Comparison of LDL Degradation Rates in Branch Sites and Nonbranch Sites of the Descending Thoracic and Abdominal Aortas
LDL content and LDL degradation rates were determined in small triangular biopsy specimens in branch and nonbranch areas of the descending aorta (Tables 2 and 3 ). Calculated LDL contents and degradation rates in the biopsy specimens of nonbranch sites did not differ significantly from those in the larger remaining nonbranch regions of that segment of aorta, and hence, the data for all nonbranch areas of a given segment were pooled.
Rates of LDL degradation, expressed per square centimeter aortic surface area, were 60% higher in branch sites of the abdominal aorta than in adjacent nonbranch sites (p< 0.001, Table 2 ). The corresponding difference between branch and nonbranch sites in the descending thoracic aorta, 11.2 ± 6 . 2 % , did not attain statistical significance at the p = 0.05 level of confidence. This might mean that there is no elevation in LDL degradation rate in thoracic aortic branch sites or that the elevation in degradation rate occurs in such a small region that it is masked by the amount of "normal" tissue included in the biopsy specimen.
An apparently contradictory result, at least with respect to LDL degradation in abdominal branch sites, can be seen in Table 3 . The LDL degradation rate in abdominal aortic branch sites was not significantly different from that in adjacent nonbranch sites when those degradation rates were expressed per gram aortic wet weight (Table 3 ) rather than per unit surface area ( Table 2 ). The most obvious explanation for this is that the arterial wall is simply thicker at abdominal aortic branch points and the weight/surface area ratio greater than in nearly uniform aorta. This was confirmed by measurements of average wall thickness in serial histological sections of branch and nonbranch sites. Biopsy specimens with similar planar projected surface areas were embedded on edge in methacrylate so that sections could be cut perpendicularly to the intimal surface. Serial 10-p.m sections were obtained through the entire thickness of the tissue and every 10th section was mounted and stained for morphometric analysis. The average thickness of the specimens was estimated by dividing the total medial plus intimal crosssectional area of all the sections by the total intimal length. The average thickness of four specimens from abdominal aortic branch sites was 48% greater than in the same number of specimens of uniform abdominal aorta, thus accounting for most of the apparent discrepancy between the two methods of normalizing LDL degradation in abdominal branch sites. However, we also considered an alternative explanation that In six animals the descending thoracic aorta (DTA) and abdominal aorta (Abd) were each subdivided into three segments of approximately equal length as described in "Materials and Methods!' A repeated measures ANOVA indicated that the six distal segments of aorta did not differ in terms of LDL content or LDL degradation rate. However, when the three segments of thoracic aorta were considered alone, both the LDL content and LDL degradation rate (either per g or per cm') were greater (p<0.01, ANOVA with repeated measures) in the upper third than in the middle and lower thirds. The LDL content and the LDL degradation rate (perg or per cm 2 ) in the aortic arch were significantly greater than the corresponding averages of the entire thoracic aorta and entire abdominal aorta (both p< 0.005, ANOVA with repeated measures on logarithms of data). might contribute to the apparent discrepancy. It was possible that the projected planar surface area might have systematically underestimated the actual intimal surface area at the branch sites. This possibility would be important because we have previously shown that cells in the very thin intima of the normal rabbit aorta are very active in LDL degradation compared with deeper medial cells. 16 We estimated the actual intimal surface area from the serially sectioned biopsy specimens just described and found no evidence that the projected planar surface area of the biopsies selectively underestimated the actual surface area of the branchsite biopsies to any great extent.
The greater LDL degradation per square centimeter surface area at abdominal branch sites is consistent with either of two possibilities. The simplest, although the least likely, is that the LDL degradation rate per unit volume of tissue is constant throughout the wall thickness and is the same in branch and nonbranch areas of abdominal aorta. In this case, the added thickness of the abdominal branch sites would account for the observed increase in degradation rate when expressed per square centimeter intimal surface area. We considered this less likely because of a previous study 16 showing the important contribution of the thin intima to total aortic LDL degradation (about 40% of the total). Thus, the additional medial thickness in the abdominal branch sites, we believed, would not be expected to contribute to total LDL degradation in strict proportion to the additional number of cells. The alternative explanation for the results in Tables 2 and 3 , then, is the possibility that a relatively small volume of intimal and/or medial tissue at branch sites is very active in LDL degradation but that the remainder of the tissue contributes to the mass of specimen but little to LDL degradation.
To resolve this question, histological sections were autoradiographed and examined by light microscopy as described in "Materials and Methods." Sections were prepared from the same four rabbits whose aortas were autoradiographed en face (Figure 3 ). Autoradiograms of sections from branch and nonbranch sites of abdominal aorta are shown in Figure 5 . As indicated in Figure 5A , the areas of highest activity were at or near the crest of flow dividers of the abdominal branch sites and localized to the inner one third of the arterial wall. The uniform abdominal aorta adjacent to the branch sites had much lower levels of radioactivity, which were barely above background under these experimental conditions (Figures 5B and 5C) . Thus, the autoradiographic evidence supports the idea that LDL degradation varies across the thickness of the arterial wall; the intima and inner media in the abdominal branch sites are much more active in LDL degradation than deeper portions of the media in branch sites or than any part of the adjacent uniform abdominal aorta. On this basis, it is clear that normalization with respect to intimal surface area ( Table 2) correctly identified the abdominal branch sites as areas containing cells with much higher rates of LDL degradation. Table 3 shows arterial LDL content expressed both as a percentage of the plasma concentration and in absolute terms. LDL content in nonbranch areas of the descending thoracic and abdominal aortas were nearly equal, 0.81 ±0.08 and 0.75 ±0.09 jig LDL cholesterol/g wet wt, respectively. However, in branch sites of the abdominal aorta, LDL content was 88.0 ± 11.3% higher than that in the nonbranch sites (p < 0.001) even when the data were expressed per gram wet weight of artery. The LDL content in branch sites of the descending thoracic aorta, again expressed per gram wet weight, was actually slightly less than that in adjacent nonbranch regions (-15.3 ± 6. \%,p< 0.05). By analogy to the arguments above concerning LDL degradation rates in abdominal branch sites, this difference may simply reflect a combination of two factors, an inhomogeneous distribution of intact LDL across the wall and a slightly greater wall thickness in the branch regions. In fact, when the arterial contents of intact LDL were expressed per square centimeter aortic surface area, the branch sites of the descending thoracic aorta had slightly (but not significantly) higher values than nonbranch sites (data not shown).
Comparison of LDL Content in Branch and Nonbranch Sites of Descending Thoracic and Abdominal Aortas
Discussion
A large body of evidence supports the idea that hypercholesterolemia and particularly elevation of LDL can cause atherosclerosis. 31 However, the precise sequence of events and the cellular and biochemical mechanisms by which hypercholesterolemia leads to an atherosclerotic lesion are not yet clearly understood.
In an attempt to explore the early events in atherogenesis, we have initially focused attention on possible differences in intra-arterial concentrations of LDL and rates of irreversible degradation of LDL in lesion-prone sites of the rabbit aorta in the absence of hypercholesterolemia. We thought that the intra-arterial LDL concentration might be more relevant than the more commonly measured rate of LDL influx into the artery for two reasons. First, the LDL degradation rate of resident cells in the artery almost certainly depends on the effective concentration of LDL in the extracellular environment of these cells, not on the rate of LDL influx into the artery per se. Second, whereas the rate of influx is no doubt an important factor determining the intra-arterial concentration of LDL, it is not the only factor; consequently, all areas having high LDL concentrations do not necessarily also have high rates of LDL influx.
We have estimated the arterial content of intact LDL from the ratio of labeled LDL present in the artery and in plasma at the time of death. Strictly speaking, this ratio is not generally equivalent to the ratio of LDL masses in artery and plasma and is equivalent only at one instant of time. If the arterial pool of LDL is assumed to be a single well-mixed compartment from which LDL returns to plasma or is degraded in the artery, then the instant of time at which the tracer ratio is equivalent to the mass ratio occurs at the peak in the curve in arterial radioactivity. Other workers 2627 have reported that this peak in aortic radioactivity occurs 4 to 8 hours after injection of iodinated LDL into normal rabbits. After the peak, the specific activity in the product pool, the artery, should remain higher than that in the precursor plasma pool. 32 From this, it follows that after the peak the tissue-to-plasma ratio of radioactivity in intact LDL is greater than the corresponding ratio of unlabeled LDL masses in the two pools. As an alternative to the estimates of intact LDL derived from the C,-*/Cp* ratio shown in Tables 1-3, we also estimated the arterial content of intact LDL in the entire descending thoracic aorta with a kinetic model. This model included one open compartment of arterial intact LDL receiving input from plasma at a rate determined in an earlier study. 33 Losses from this compartment were assumed to occur by first-order processes repre-senting cellular degradation and efflux without degradation. From this model, with the tracer data obtained from the artery at death, the plasma decay of labeled intact LDL, and the estimate of LDL influx rate, we calculated fractional transfer rates and the steady-state mass of intact LDL in the artery using the SAAM program. 34 The steady-state mass of intact LDL in the descending thoracic aorta, calculated from the kinetic analysis, was 0.71 ±0.06 u,g LDL cholesterol/g; this was 89.7 ± 1.1% of that estimated in the same animals by the instantaneous ratio of protein-bound 13I I present in artery to that in plasma at death ( Table 1 ). The steady-state mass of LDL in the artery calculated from the kinetic model was affected very little (less than 5%) by assuming different fixed values of the rate of influx of LDL (0.945 and 3.78 u,l/hr/g, half and twice the value, respectively, previously reported for descending thoracic aorta 33 ).
The present studies indicated a general parallelism of rates of LDL degradation and LDL content. Both of these measures of LDL metabolism were elevated in branch sites of the abdominal aorta compared with the adjacent uniform aorta and in the lesion-prone aortic arch compared with the relatively lesion-resistant descending thoracic aorta. We were unable to demonstrate such an elevation for the small intercostal orifices of the descending thoracic aorta, another site of early lesion development. This may simply reflect a lack of sensitivity of the methods used here to detect a very small area exhibiting increased LDL concentration and degradation rate. Further autoradiographic studies should prove helpful in resolving this issue.
Although absolute LDL degradation rates in lesionprone areas were at least as great as in lesion-resistant areas, the resistant areas degraded slightly larger fractions of their arterial pools of intact LDL per unit time than did the corresponding lesion-prone areas ( Tables 1 and 3 ). This observation might suggest 1) an intrinsically different capacity to degrade LDL in these regions; 2) that LDL degradation rate might be closer to saturation because of the higher LDL contents in lesion-prone areas; or 3) that some intact LDL in lesion-prone areas might be relatively unavailable for cellular degradation, perhaps because of binding to extracellular matrix. Obviously, these possibilities are not mutually exclusive, and each may contribute to some degree. However, such regional differences in arterial LDL metabolism, if maintained or perhaps exaggerated in the hypercholesterolemic state, may be instrumental in the focal development of atherosclerotic lesions in cholesterol-fed rabbits.
These studies established that the absolute rate of LDL degradation in lesion-susceptible aorta exceeded that in the adjacent lesion-resistant aorta, indicating that impaired LDL degradation alone could not explain the greater LDL content of these areas. How might the increased arterial content of intact LDL in atherosclerosis-susceptible sites be explained? Although not established from these studies, clearly one possibility is that the artery is more permeable to LDL in the susceptible areas, as suggested by studies in pigs using Evans blue dye, a marker for sites with high permeability to albumin. 35 " 37 The location of these areas of high permeability within the arterial tree may be, in turn, determined by altered hemodynamic stresses occurring at or near bends or bifurcations. 33 Indeed, permeabil ity of the int ima to macromolecules has been shown to vary with the degree of d istension of the vessel and the wall shear stress imposed by the flowing blood. 3^2 While it is widely accepted that macromolecular permeability of arterial endothelium is mediated by transcytotic movement of vesicles, other factors may be involved. Evans blue-positive areas of the aorta of the normal pig, 43 and the aortic arch, and areas around orifices of branch arteries of the normal guinea pig 44 show increased labeling with 3 H-thymidine, presumably representing increased cell turnover related to differing hemodynamic stresses in these areas. It is possible that during cell replication a transient intercellular gap is formed in the continuous endothelial monolayer. Areas of higher endothelial cell turnover might be expected to have somewhat increased permeability on this basis. In this regard, theoretical models predict that small clefts between endothelial cells representing as little as 0.001% of the endothelial surface area would result in a 5-10% increase in arterial permeability. 45 In vitro evidence suggests that penetration by monocytes may increase the aortic permeability to LDL, possibly through transient gaps in the endothelial layer created by the monocytes. 12 Such adhesion and penetration is known to occur in aortas of normocholesterolemic animals in vivo. 4 
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While increased permeability may account for the greater LDL content in lesion-susceptible sites, it is also possible that increased retention of LDL after entry may account for part of this increase. This may result from a different degree of molecular sieving of LDL within susceptible portions of the artery as suggested for the intima of human arteries by Smith and Ashall." It may be that bind ing of LDL to col lagen, 48 which may be present in higher levels in lesion-susceptible areas, impedes egress of the LDL entering the artery. Similarly, other connective tissue elements including grycosaminogh/cans may play a role in determining rates of egress by binding LDL 10 -49 -50 or by influencing their distribution volume within the artery. 51 In summary, the concurrent measurements of LDL degradation rates and concentrations of intact LDL in sites of normal rabbit aorta indicate an association between these two measures of arterial LDL metabolism; sites with elevated concentrations of intact LDL, such as the aortic arch and the abdominal aortic branch sites, also had higher rates of LDL degradation. While the structural or functional differences between atherosclerosis-susceptible and -resistant sites remain to be fully elucidated, the present data establish that sites prone to lesion development in hypercholesterolemic rabbits have high tissue LDL concentrations and degradation rates even in normal animals completely free of atherosclerotic disease. The high degree of selectivity for these differences in arterial LDL metabolism suggests that they may be linked causally to the propensity to develop atherosclerotic lesions at these sites.
